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R157genes at 26C, including pgl-1 [1,7].
Because only 20% of pptr-1 mutants
are sterile at 26C, there are clearly
other molecules necessary for
maintaining robust germ cell
proliferation and differentiation at high
temperatures; other subunits of the
PP2A heterotrimer could be involved in
this process. In RNAi screens for genes
that affect P granule dynamics, let-92
and paa-1, which respectively encode
the catalytic subunit and a structural
subunit of PP2A, were found to be
required for proper P granule
partitioning in embryos [8].
To fully understand how PP2A
regulates P granule partitioning and
germline development, the precise
roles of the PP2A heterotrimer subunits
need to be analyzed and the targets of
PPTR-1 need to be identified. The
identification of additional regulatory
molecules will aid in understanding
how asymmetric P granule partitioning
during embryogenesis may preserve
germline specification at high
temperatures and in other stressful
conditions, such as starvation.
Now that evidence has been
presented that P granules do not
specify the germline, the question of
what determines the germline remains.
Is a reduced amount of P granule
components sufficient for normal
germline development? Alternatively, is
germline specification in C. elegans
similar to the inductive determination
seen in mammals, or is it a mixture ofinductive and deterministic
development?
The identification of pptr-1 as
a regulator of P granule dynamics
may provide a blueprint for future
experiments. For example, since
PPTR-1 is not a known component of
P granules and previously was not
implicated in P granule partitioning, it
is clear there is still a need to find
regulators of germline development.
Additionally, more experiments need to
be done to determine with more clarity
if RNAs or proteins, such as PPTR-1,
associate with any P granule
components, even transiently. Finally,
understanding how general signaling
platforms, such as insulin signaling,
regulate germline specification will
greatly improve our insight into how
external cues, including environmental
information, are incorporated into
germline development. Future
experiments will help clarify the
connections between P granules,
germline development, and the
environment, but it seems that when it
comes to determining a germline, the
embryo will not be minding its P
granules.References
1. Updike, D., and Strome, S. (2010). P granule
assembly and function in Caenorhabditis
elegans germ cells. J. Androl. 31, 53–60.
2. Sarkar, A. (2009). Embryonic Stem Cells (Darya
Ganj, New Delhi: Discovery Publishing House).
3. Houston, D.W., and King, M.L. (2000). Germ
plasm and molecular determinants of germ cell
fate. Curr. Top. Dev. Biol. 50, 155–181.4. Gallo, C.M., Wang, J.T., Motegi, F., and
Seydoux, G. (2010). Cytoplasmic partitioning
of P granule components is not required to
specify the germline in C. elegans. Science
330, 1685–1689.
5. Strome, S. (2005). Specification of the germ
line. WormBook, ed. The C. elegans Research
Community, doi/10.1895/wormbook.1.7.1,
http://www.wormbook.org 1–10.
6. Seydoux, G., and Fire, A. (1994).
Soma-germline asymmetry in the
distributions of embryonic RNAs in
Caenorhabditis elegans. Development 120,
2823–2834.
7. Kawasaki, I., Shim, Y.H., Kirchner, J.,
Kaminker, J., Wood, W.B., and Strome, S.
(1998). PGL-1, a predicted RNA-binding
component of germ granules, is essential for
fertility in C. elegans. Cell 94, 635–645.
8. Updike, D.L., and Strome, S. (2009). A
genomewide RNAi screen for genes that affect
the stability, distribution and function of P
granules in Caenorhabditis elegans. Genetics
183, 1397–1419.
9. Brangwynne, C.P., Eckmann, C.R.,
Courson, D.S., Rybarska, A., Hoege, C.,
Gharakhani, J., Julicher, F., and Hyman, A.A.
(2009). Germline P granules are liquid
droplets that localize by controlled
dissolution/condensation. Science 324,
1729–1732.
10. Padmanabhan, S., Mukhopadhyay, A.,
Narasimhan, S.D., Tesz, G., Czech, M.P., and
Tissenbaum, H.A. (2009). A PP2A regulatory
subunit regulates C. elegans insulin/IGF-1
signaling by modulating AKT-1
phosphorylation. Cell 136, 939–951.
11. Janssens, V., Longin, S., and Goris, J. (2008).
PP2A holoenzyme assembly: in cauda
venenum (the sting is in the tail). Trends
Biochem. Sci. 33, 113–121.
1Department of Molecular Genetics,
Microbiology and Immunology,
UMDNJ-Robert Wood Johnson Medical
School; 2Waksman Institute; 3Department
of Genetics, Rutgers University, Piscataway,
NJ 08854, USA.
E-mail: singson@waksman.rutgers.edu
DOI: 10.1016/j.cub.2011.01.029Cellular Reprogramming: Chromatin
Puts On the BrakeDirected reprogramming of differentiated cells allows the generation of
specific cell types for therapeutics and can provide unexpected insights into
development. A recent study demonstrates that efficient reprogramming of
Caenorhabditis elegans germ cells into neurons can be achieved by knocking
down a histone chaperone gene and ectopic expression of a terminal selector
transcription factor.Piali Sengupta1 and Tim Schedl2
All students of developmental biology
are familiar with classic homeotic
transformation experiments in
Drosophila in which misexpression of
a ‘master control’ Hox transcription
factor results in, for instance, legs
growing in place of antennae [1].Equally remarkable examples ofmaster
control gene potency are the so-called
retinal determination genes such as
eyeless. Misexpression of these genes
results in development of complex
eye-like structures where eyes should
never be — on wings, legs and
antennae [2]. These experiments
suggest that master control genes arecapable of imposing their agenda on
other cells, essentially reprogramming
them to express characteristics of
a given body segment, organ or cell
type. However, their ability to directly
convert the programs of other cell
types is limited. Reprogramming in vivo
is most efficient in certain body regions
or certain cell types, especially those
related by lineage; others stubbornly
stick to their own developmental
plans [3–5].
What accounts for the resistance to
reprogramming in vivo? This is where
the somewhat elusive concept of
‘cellular context’ comes in. Cellular
context has been interpreted to mean
the overall milieu of the cell which
provides a permissive environment for
a given transcription factor to promote
a specific developmental program.
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Figure 1. Conversion of germ cells into specific neuron types through knockdown of the
histone chaperone LIN-53 and ectopic expression of neuronal terminal selector genes.
C. elegans hermaphrodites were subjected to lin-53 RNAi followed by heat-shock promoter-
induced ectopic expression of terminal selector genes che-1, unc-30 or unc-3 during larval
development [6]. Cells within the gonad lost germline characteristics, displayed neuronal
processes, expressed pan-neuronal markers, and also expressed neuronal-type specific
markers only for the cell type specified by the terminal selector gene used in the induction
and not other neuronal subtypes (illustration by David Doroquez).
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absence of a co-activator, or
alternatively, the presence of an
inhibitor. The latter is easier to test,
since the inhibitor can be removed by
loss-of-function experiments. In
a recent report in Science [6], Baris
Tursun, Oliver Hobert and colleagues
show that knockdown of a single
chromatin modifier gene in
Caenorhabditis elegans is sufficient to
efficiently convert germ cells to
different neuron types upon expression
of specific transcription factors
(Figure 1). Below we discuss three
elements of this work: the transcription
factors that direct the conversion, the
chromatin regulator that inhibits the
neuronal developmental program and
the cell type of origin that becomes
reprogrammed.
Extensive work by the Hobert lab
and others identified transcription
factors — called terminal selector
factors — that specify the unique fates
of given neuron types in C. elegans [7].
In mutants for a given terminal selector
gene, the affected neurons are present
and appear to retain generic neuronal
features but fail to express the
characteristics that make them
a specific type of neuron. When
terminal selector genes were
misexpressed, they could reprogram
the identities of only a small number
of other neurons, but other cell typesremained unaffected. While in some
cases this was due to the lack of
a co-acting factor, in other cases
the mechanisms underlying this
resistance were unclear.
The critical role of chromatin state
in directing a cell’s developmental
program is now considered an axiom.
Manipulation of chromatin state has
previously been implicated in the
directed conversion of cell fates [8,9].
Tursun and Hobert reasoned that
if inhibitory chromatin-based
mechanisms were preventing terminal
selector genes from reprogramming
cell identities, then knocking down one
or more genes involved in chromatin
regulation may provide the necessary
permissive context. They found that
knocking down the lin-53 histone
chaperone gene or chemically blocking
histone deacetylase activity resulted in
a full-blown conversion of germ cells
into specific neuron subtypes upon
ectopic expression of terminal selector
genes specific to those subtypes [6].
However, at least to the limited extent
to which it was studied, expression
of the MyoD homolog hlh-1,
a non-neuronal selector gene, had
no effect, suggesting that LIN-53
specifically affects neuronal loci.
Results from Tursun et al. [6] indicate
that proliferative germ cells, which
include germline stem cells capable of
entering meiosis and forming eithersperm or oocytes [10], are the
reprogrammed cell type. This might not
be considered surprising given the
well-known potential of germ cells to
both generate all cell types of an
organism through the normal route of
gametogenesis, fertilization and
zygotic development, and also give rise
to ectopic cell types in teratomas [11].
Two intrinsic features are thought to be
important for germ cell totipotency:
firstly, a unique chromatin
configuration, which is presumably
modified by lin-53 knockdown, and
secondly, heavy reliance on mRNA
regulation in the cytoplasm to control
gene expression, at least in part
through germ granules [11]. However, it
is possible that extrinsic signals from
the soma also participate in the
observed conversion.
This work raises a host of interesting
questions. For example, what is the
relationship between the potential
to reprogram cells and their
ontogeny/lineage-history? Precursor
cells undergo specific patterns of cell
divisions so as to ensure that daughter
cells receive the correct complement of
proteins that allow them to respond to
external signals, and in turn, generate
the appropriate cell types. The fact that
expression of terminal selector
transcription factors can convert
lineally unrelated germ cells into
neurons suggests that the lineage
programmay simply allow a permissive
environment in which expression of the
correct terminal selector gene(s) at the
right time and at the right place drives
the appropriate subtype-specific
program. One might then predict that
misexpression of the terminal selector
gene for neuron type A in any other
neuron should efficiently convert these
neurons into A neurons provided that
the resident terminal selectors for these
neurons are absent.
As mentioned above, mutations in
terminal selector genes result in loss of
type-specific but not generic neuronal
identity. A surprising observation of
Tursun et al. [6] is that upon loss of
lin-53, misexpression of a terminal
selector gene is sufficient to confer all
aspects of neuronal identity — both
pan-neuronal as well as
subtype-specific — upon the germline
cells. Decades of research have led to
the progressive determination model
of neuronal differentiation in which
specific factors confer neuronal
competence, pan-neuronal identity
or type-specific characteristics [12].
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gene coordinate the expression of all
neuronal features? Does this then
mean that any terminal selector gene
can also be proneural, and its role in
terminal differentiation is merely
a consequence of its temporal
expression pattern? Terminal selector
genes have been shown to act both
early and late in the developmental
progression of a given neuron type
(e.g., [13]), suggesting that given
the appropriate chromatin state, these
and perhaps other developmental
proteins may be more versatile than
previously appreciated (although see
below).
What is the reason for the apparent
neuronal specificity of the
reprogramming? One model is that
LIN-53 may specifically function
directly or indirectly in the repression
of neuronal loci in germline chromatin.
It is known that the REST transcription
factor in mammalian differentiated
non-neuronal cells or in stem cells
recruits histone modifiers to convert
neuronal loci to constitutive or
facultative heterochromatin,
respectively [14]. In this model, there
would be similar factors that recruit
specific modifiers and remodelers to
subsets of tissue-specific loci in
germline chromatin to act as
gatekeepers of different differentiated
states. Alternatively, there may be
features of germ cells that facilitate
conversion to neuronal cell types. For
instance, it is possible that germline
cells already express early proneural
genes and that upon loss of lin-53,
neuronal terminal differentiation
genes are now accessible to terminal
selector proteins.
Does this work lead us closer to
direct conversion of any cell — and
not just pluripotent or lineally related
cells — into any other cell type in vivo?
In some cases, misexpression of
transcription factor(s) alone is sufficient
to convert to a lineally unrelated cell
fate [15–17], but in recalcitrant cases,
this work suggests that a systematic
exploration of chromatin-based
inhibitory mechanisms may
enhance directed reprogramming.
The advantage of directed
transdifferentiation as opposed to
a program in which somatic cells
dedifferentiate to a pluripotent
state followed by redifferentiation
to a specific fate [18] is a lower
propensity for unregulated growth [19].
It is of course not yet known howthese findings in C. elegans will
translate more generally. It is also
unknown whether the cells that are
generated exhibit all properties of
the endogenous cell type and
whether they are fully functional.
Nevertheless, these findings
emphasize once again the
importance of Waddington’s
epigenetic landscape [20], and
highlight its dynamic nature.References
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the Eye
A recent study shows that objects changing in colour, luminance, size or shape
appear to stop changing when theymove. These and other compelling illusions
provide tantalizing clues about the mechanisms and limitations of object
analysis.David Burr
Perception is deceptively effortless:
we open our eyes and see a rich anddynamic world filled with wondrous
colours and fine detail. However,
we are periodically reminded that
perception is actually not simple at
